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1. INTRODUCTION

Optimal control and optimal shape design problems for the Navier-Stokes equations arise in many
important practical applications, such as design of optimal profiles [7], drag minimization [9], [11],
and heating and cooling [12], among others. Typically, optimal control problems for the Navier-
Stokes equations combine Lagrange multiplier techniques to enforce the constraints and to derive an
optimality system (see, e.g., [11]-[12]), with mixed Galerkin discretization for the state equations.
Resulting methods are well-studied theoretically, for example, an abstract framework that can be
used for the analyses of such optimal control methods has been suggested in [13]. However, the use
of Lagrange multipliers and mixed Galerkin discretizations is associated with some complications in
the numerical computations which can reduce the overall efficiency and robustness of corresponding
algorithms. For example, resulting discrete problems are in general indefinite. Similarly, it is now
well-understood that stability of mixed discretizations does not allow one to choose independently
the approximation spaces for the velocity and the pressure, and that these spaces are subject to
a restrictive stability condition known as the inf-sup (or LBB) condition; see [8]. One possibility
to remedy these difficulties is to consider optimal control methods in which the Navier-Stokes
constraint is treated by augmented Lagrangian techniques; see [6]. Nevertheless, the use of mixed
Galerkin discretization in the method of [6] still requires approximation by finite element spaces
that are subject to the inf-sup condition.

In this paper we consider another alternative which involves the use of least-squares variational
principles. Such principles have been successfully used for the approximation of the incompressible,
steady-state Navier-Stokes equations, see, e.g., [2]-[3], [14], and [15], among others. The main idea
of least-squares methods is to consider minimization of appropriately defined quadratic functionals,
i.e., least-squares variational principles correspond to minimization, rather than to a saddle-point
optimization problem. This allows one to circumvent the inf-sup condition and to achieve stable
discretizations using, e.g., equal order interpolation for all unknowns. Likewise, in a neighborhood
of the minimizer, the Hessian matrix is guaranteed to be symmetric and positive definite. As a
result, using, e.g., Newton linearization combined with continuation with respect to the Reynolds
number, one can devise methods that will encounter only symmetric and positive definite linear
systems in the solution process.
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In this paper the least-squares approach will be extended to optimal control problems. Our goal is
to develop a finite element method for boundary control of the steady-state, incompressible Navier-
Stokes equations in which least-squares principles are used to derive the first-order optimality
system. As a result, discrete problems associated with this system now correspond to positive
definite algebraic problems. It appears that with the exception of [1], where an optimal design
problem arising in semiconductor applications has been treated by a least-squares method, this is
the first application of least-squares ideas for optimal flow control.

The rest of this paper is organized as follows. In §2 we introduce the optimal control problem along
with two particular model problems. The least-squares approach for this problem is developed in
§3. In the same section we show how the least-squares method specializes to the model problems.
Section 4 concludes the paper with presentation of some computational results obtained with the
least-squares optimal control method.

Throughout this paper € will denote a bounded, open region in R? with Lipschitz continuous
boundary I'. We use the standard Sobolev space notation H*(2) for the set of all functions defined
on €2 such that all their derivatives of order up to s are square integrable. Similarly, for the norm
and the inner product on H*(Q) we use the standard notations || - ||s and (-,-)s, respectively. As
usual, when s = 0 we use L?(12) instead of H°(2). With H*(Q2) we shall denote the corresponding
vector Sobolev space, for example, H! () = H'(Q) x H' (). H}(Q) will denote the subspace of all
functions in H'(Q2) that vanish on ', and L3($2) will denote the subspace of all zero-mean functions
in L2(Q). Lastly, H~1(Q) will be used to denote the dual space of HZ ().

2. MODEL OPTIMAL CONTROL PROBLEMS

The Navier-Stokes equations for steady, viscous, incompressible flow can be written in the form
(see [10])

—v (gradu + grad uT) +u-gradu+gradp = f in (2.1)
divu = 0 in Q
u = g onl, (2.3)

where u, p and f, denote velocity field, pressure, and a given body force, v is the kinematic viscosity,
and g is given function such that [ n-gdl’ = 0. Uniqueness of the solutions to (2.1)-(2.3) requires
that p € L3(9).

To state the optimal control problem for (2.1)-(2.3) let J(u,p,g) be a given cost functional where
g denotes the (boundary) control. We define the admissibility set as

U= {(u7p7g) e H'(Q) x L§(Q) x H'(T); g =go+ Y _Lgi | (u,p,g) satisfy (2.1)-(2.3)
i=1
(2.4)
where g; € Hl/z(F); l; € A;,fori =0,1,...,n; and A; € R are closed intervals. Then, the problems
we shall consider are given by

seek (u,p,g) € U such that J(u,p,g) < J(v,q,h) for all (v,q,h) e U.



This problem will be used to state the least-squares finite element method for optimal boundary
control. To illustrate the method and to present the numerical results it will be specialized for two
particular model problems that are introduced below.

Both of our model optimal control problems will be considered in the context of the fictitious Driven
Cavity flow, i.e., we assume that Q = [0,1]? and that there is no body force. We use I'z, ' and
I'p, I'r to denote the left and the right, and the bottom and the top surfaces of €2, respectively.
The first problem we shall consider has been suggested in [6] and can be stated as follows.

Given the bottom velocity u|r, = up, find the top velocity u|r, = ur such that the
separation of the flow occurs at a desired horizontal line location I'g, see Fig.1.
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Fig. 1. Flow separation for the Driven Cavity

As a result, the control objective for this problem is to minimize the following cost functional

J(u,p,g) —/ ug|* dl (2.5)

I's

using controls of the form g = gg + urg; where

[ (uB,0) onTp ‘ [ (1,0) onTr
80 = (0,0) otherwise ’ &1 = (0,0) otherwise ’

see [6]. Note that for this problem we have that [n-g;dl' =0 for i =0,1.

For the second model problem we consider minimization of the flow vorticity in a subdomain 7 C Q
(see Fig. 2), i.e., we consider minimization of a cost functional given by

j(u,p,g):/ |curlul? dQ. (2.6)
Q1



We let Q1 = [0.75,1.00] x [0,0.25] and use I" to denote the boundary of €;. For this problem we
consider controls of the form g = gg + l1g1 + l2g2 where

[ (1,0) onTp ) _ [ (0,1) onlp ) [ (1,0) onTg
80 = (0,0) otherwise ' °' 1 (0,0) otherwise ' °° | (0,0) otherwise

The choice of the control here corresponds to suction or injection through the bottom and the right
portions of the boundary of €21, i.e., in this case we have that fF n-g;dl' A0 fori=1,2.

We note that the functions g; used to define the control g in both model problems are not in
HY2(T'). Thus, as in [6], in what follows we assume that these functions are replaced by C>°(T')

approximations.
.

Fig. 2. Vorticity minimization over a subdomain

3. LEAST-SQUARES OPTIMAL CONTROL METHODS

In this section we develop the least-squares approach for the optimal control problem of §2, and
then specialize it for the two model problems. Formulation of the least-squares method will involve
three steps: decomposition of the state equations (2.1)-(2.3) into an equivalent first-order system
followed by definition of a quadratic cost functional and an associated least-squares variational
principle, and lastly, discretization of the resulting variational problem. The need to include a
decomposition step stems from practical considerations. Since least-squares functionals will involve
weighted L2-norms of the residuals of the state equations, the use of a first-order system allows
discretization by means of standard finite element spaces.

To recast the incompressible Navier-Stokes equations as a first-order system one usually introduces
velocity derivatives (or their linear combinations) as new dependent variables. There are several
possible ways to do this. For example, one can choose the new variables according to U = grad u.
This leads to a “velocity flux-velocity-pressure” first-order system; see [5]. Two other natural choices
are to use the symmetric or the skew-symmetric parts of the velocity gradient, i.e, to introduce
1/2(grad u + grad u”), or 1/2(gradu — grad u’) as new dependent variables. The first choice
leads to a “stress-velocity-pressure” first-order system, whereas the second choice corresponds to a



“velocity-vorticity-pressure” first-order system, see [2]-[3], [14], [15]. Among the three systems the
velocity-vorticity-pressure one has been used most often in the context of least-squares methods,
and resulting finite element algorithms are well-documented and studied. For this reason here we
shall stick to this form of the Navier-Stokes equations.

To define velocity-vorticity-pressure form of (2.1)-(2.3) we recall the two-dimensional curl operators
curl and curl given by

curl ¢ = ( Py ) and curlu = ug, — uyy,
_¢x
respectively. To avoid multiplicity of notations we introduce the “vector” products ¢ x u and
v X u, where ¢ is a scalar function, and u, v are vectors in R?, by embedding ¢, u and v into
the three-dimensional vectors (0,0, ¢), (u1,u2,0) and (v, ve,0) respectively. Then, curl¢ =V x ¢
and curlu = V x u. Furthermore, we agree to use curl in both cases and to denote the result as
a vector. Then, we introduce the vorticity w = curlu as a new dependent variable. In view of the
vector identities
curlcurlu = —Au + grad divu,

1
u-gradu = igrad lul> —u x curlu

one can rewrite the momentum equation (2.1) as veurl w+w xu+grad r = f, where r = p+1/2|ul?
denotes the total head. As a result, we obtain the following first-order wvelocity-vorticity-pressure
Navier-Stokes equations

veurlw+w xu+gradr = f inQ (3.1)
curlu—w = 0 inQ .
divu = 0 in Q, (3.3)

along with the boundary condition (2.3).

Following [6] we transform the boundary control problem into a distributed control problem as

follows. For i = 0,...,n we let (w;,u;,r;) denote solutions of the Stokes problem
veurlw; +gradr; = 0 in (3.4)
curluy; —w; = 0 inQ (3.5)
divu; = 0 inQ (3.6)
w = g; onl. (3.7)

Then we set u = a4+ up+ Y g livy; w = @+ wo + Yo qliws; r =7+ 1o+ Y iy liri, where
(0,0,7) € L3(Q) x H{(Q) x L3(Q2). As a result, the controls I; now appear directly in the cost
functional J. Furthermore, in view of the new system (3.1)-(3.3) the admissibility set (2.4) is
replaced by

U= {(d;,ﬁ,f', 1) € L*(Q) x HY(Q) x L3(Q) x ﬁAi | (w,u,r) satisfy (3.1)-(3.3), (2.3)} . (3.8)
=1

Then, the optimal control problem for the first-order system (3.1)-(3.3), and (2.3) can be stated as
the following constrained minimization problem:



~

seek (w,a,7,1) € U such that J(w,a,7,1) < j(é’,\?,qﬂ k) for all (&,¥,4,k) € U.

With this control problem we associate a quadratic least-squares functional given by

Jw,u,m1) = o|veurlw +w x u+gradr — f||%;
4+ agllcurlu — w|]2 + az||divul]2 + oy T (@, a,7,1), (3.9)

and a least-squares minimization principle given by
seek (w,a,7,1) € X x A such that J(w,u,r1) < J(&,v,q,k) for all (é,\?,(j,k) eXxA,

where X = L2(Q) x H{(Q) x L3(Q2) and A = [[I_; A;. Note that in contrast to the original con-
trol problem the least-squares optimal control formulation above corresponds to an unconstrained
minimization problem.

A first-order optimality system for the least-squares control problem is provided by the Euler-
Lagrange equation for the functional (3.9). This equation constitutes a nonlinear variational prob-
lem which we write symbolically as

seek (w,a,r,1) € X x A such that

Qw,u,rD); (€,v,0,k) =0 V(& v,¢k) € X x A. (3.10)
The form of Q(-;-) in (3.10) depends on the particular cost functional 7 used in the control problem.

The last step in the development of the least-squares control method deals with the discretization
of the problem (3.10). This step involves selection of the finite element spaces, approximation of
the functions (w;, u;, 7;), and replacement of Q(-;-) by a computable discrete equivalent. The need
for such a replacement stems from the fact that in addition to the usual L? inner products the form
Q(+;+) in (3.10) also involves the inner product of the negative order Sobolev space H~1(Q). This
inner product is not computable and must be replaced by a computable discrete equivalent.

Let us first consider the choice of the discretization. For this purpose here we shall use biquadratic
finite element spaces. More precisely, let 75, denote a regular triangulation of the domain £ into
rectangles and let ()2 denote the set of all functions which are polynomials of degree less than or
equal to 2 in each of the coordinate directions. The parameter h above can be identified with some
measure of the elements in 7, e.g., their diameter. Then we define the space

Q" ={u" € C%Q) |u"|n € Q2(O0), D e 7T} (3.11)
of biquadratic finite elements, and the corresponding vector space
Q' ={u"ecQ@"xQ"|u"=0 onT}.

The discrete counterpart of the minimization space X x A that appears in the least-squares control
problem is, therefore, given by
n
X" x A=Q"x Q" x Q"nLj(Q) x [] A (3.12)
i=1



Next, the functions w;, u; and r; are replaced by finite element approximations denoted by w?,
u? and rh respectively. These approximations can be computed using a least-squares method
for (3.4)- (3 6), see [2]. Finally, using a scaling argument, one can infer that for finite element
functions the H~!'-norm that appears in (3.9) can be replaced by the weighted L?-norm hl|| - ||o.
(a more sophisticated approach, suggested in [4], uses discrete negative norms defined by means of
preconditioners for the Laplace’s equation). As a result, for finite element functions we consider
the minimization of the following least-squares functional

JH Wt al rh ) = ah?|jrcurlw” + wh x u” + grad vt — £
+  agllcurlu” — "2 + az||divul]2 + ey T (@, 0", #01) (3.13)
where 0" = @ + u} + S0 L, wh = " 4 wh + 0 Lwh, and P = P el 0 Lk A

discrete first-order optimality system is then provided by the Euler-Lagrange equation for (3.13),
which we write again symbolically as

seek (cbh,flh, 1) € X" x A such that

Sh
Bh((wh,ul, " 1); (" v " k) =0 V(€ ¥ " k) e X" x A, (3.14)
where v = v +ul + Y1 Lul, €' = é +wh + 30 Lwh and ¢" =7+ gh + 30 e

Next we consider how (3.14) can be specialized to our model problems. For brevity we provide
the details only for the first model problem, the differences in (3.14) for the second one are not
essential. For this problem we may assume without loss of generality that A = A; = [0,1]. Then
the first-order discrete optimality system (3.14) specializes to the following set of equations

seek (WM a" 7 1) € XM x A such that

arh? /Q(chrlwh +grad " + w" x u") - (vcurl éh + grad §" + éh x u” 4+ wh x v)dx
+ /Q diva"div v"dz
+ a3 /Q(curl " — oM (curlv" — é’h)dx +
+ a4/F usvodl' =0 for all (&, v", ¢") € X"
0 = agl® —iagl2 +ail+ap. (3.15)
The coeflicients a; above are given by

a3 = 20w} x uf|
ay = 3o / (Wh xu}) - (w1 x (0" +ul) + (W' +wf) x uf)de
Q

a1 = aifwr x (W +uf) + (@ +wf) x upf



+ 2 / (Wl x ull) - (veurlw” + grad 7" + (W + W) x (W 4 ub))dz
Q
+ 054/ (ugl)ZdI‘
s

a = 2a1/(w1 x (0" +ug) + (" + wg) x ) -
0
(veurlw” + gradr” + (W + wf) x (0" +uf}))dz

+ a4/ (ul +ul)ul dr.
s

It is not difficult to see that once a basis for the space Q" is selected, (3.15) corresponds to a
nonlinear system of algebraic equations that must be solved in an iterative manner. Although the
explicit form of (3.15) is quite formidable this system also has some quite valuable computational
properties. First, in a neighborhood of a minimizer for (3.13) the Jacobian of (3.15) is necessarily
symmetric and positive definite. Second, since the attraction ball of Newton’s method is nontrivial,
one is assured the existence of an initial approximation for the Newton’s method, such that both the
Newton’s method will converge, and the linearized system will be symmetric and positive definite.
As a result, the linearized system can be solved using efficient and robust iterative methods, such
as conjugate gradients, i.e., the method can be implemented without assembly of the discretization
matrix, even at the element level. In particular, here we have implemented the Newton’s method
for the solution of (3.15) using conjugate gradients with Jacobi preconditioning

4. NUMERICAL RESULTS

This section presents numerical results obtained with the least-squares method for optimal control.
All computations were carried on using biquadratic finite elements defined with respect to a uniform
triangulation of the unit square €2 into rectangles. In particular we use triangulations of 19 by 19
rectangular elements, i.e., the number of grid points in each coordinate direction equals 39. The
nonlinear algebraic system is solved using Newton’s method with tolerance set to 0.5/10°.

In the first experiment we consider the separation problem for the Driven Cavity flow. For this
experiment weights have been chosen according to ay = as = ag = 1; ay = 1/h. The separation
line I'g is chosen to be a horizontal line through the geometric center of the cavity, and up is set
equal to 0.1 As a result, the expected optimal value for ur is 0.1. After three iterations Newton’s
method converged within the prescribed tolerance and the computed approximation for ur was
found to be 0.0989. On Fig. 3 computed optimal flow is compared with a Driven Cavity flow
corresponding to the boundary condition ur = (0.1,0) on I'r and I'p, and zero otherwise. As
one can see from the plots presented in Fig. 3, the flow computed using the least-squares optimal
control method is in a very good agreement with the expected flow.

In our second experiment we consider minimization of the vorticity over a prescribed subdomain
Q1 using suction or injection through the bottom and the right portions of the boundary of €.
For this example all weights have been chosen equal to 1. We have carried computations for values
of the Reynolds number up to Re = 612.6. For higher values of Re Newton’s method diverged,
which hints at the possibility that the optimal control problem may not have a unique solution, or a
solution at all. This is consistent with the analyses of [6], where existence of optimal solutions for a



similar problem has been established under the assumption that the Reynolds number is relatively
low. Our numerical results are presented on Fig. 4. which contains contour plots of the vorticity
variable for increasing values of Re. Directions of the arrows on each plot indicate the combinations
of suction and/or injection that correspond to the optimal solution computed with the least-squares
method. We see that these combinations vary with the Reynolds number. For example, for low
and high values of Re optimal solutions are obtained using injection along the vertical boundary
of 21 and suction along the horizontal boundary of this domain, whereas for intermediate values
of Re the opposite holds true.
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Fig. 3. Velocity field, vorticity and pressure contours for computed and optimal flows: Re = 10, ug = 0.1,
separation at y = 0.5.
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